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ABSTRACT 
This paper presents an overview of the soil profile characteristics at strong motion station (SMS) locations 
in the Christchurch Central Business District (CBD) based on recently completed geotechnical site 
investigations. Given the variability of Christchurch soils, detailed investigations were needed in close 
vicinity to each SMS. In this regard, CPT, SPT and borehole data, and shear wave velocity (Vs) profiles 
from surface wave dispersion data in close vicinity to the SMSs have been used to develop detailed 
representative soil profiles at each site and to determine site classes according to the New Zealand standard 
NZS1170.5. A disparity between the NZS1170.5 site classes based on Vs and SPT N60 investigation 
techniques is highlighted, and additional studies are needed to harmonize site classification based on these 
techniques. The short period mode of vibration of soft deposits above gravels, which are found throughout 
Christchurch, are compared to the long period mode of vibration of the entire soil profile to bedrock. These 
two distinct modes of vibration require further investigation to determine their impact on the site response. 
According to current American and European approaches to seismic site classification, all SMSs were 
classified as problematic soil sites due to the presence of liquefiable strata, soils which are not directly 
accounted for by the NZS1170.5 approach. 
 
INTRODUCTION 
An extensive database of strong ground motion records has 
been captured by the strong motion station (SMS) network in 
the Canterbury region during the 2010-2011 Canterbury 
earthquake sequence [1-2]. However, in order to 
comprehensively understand the ground motions recorded at 
these sites and to be able to relate these motions to other 
locations, a detailed understanding of the geotechnical profile 
at each SMS is required. This paper presents updated soil 
profile classifications of the SMSs in the Christchurch Central 
Business District (CBD) based on recently completed 
geotechnical site investigations. Representative soil profiles 
were developed for each of the four CBD SMSs using cone 
penetrometer testing (CPT), boreholes and standard 
penetration testing (SPT), shear wave velocity (Vs) profiling 
via surface wave methods, and horizontal to vertical spectral 
ratio (H/V) data performed/obtained in close vicinity to the 
station location [3]. This data was used to 1) assess the 
liquefaction potential of each site, which was compared to the 
surface manifestation and ground motion characteristics 
recorded during the Darfield and Christchurch earthquakes, 
and 2) define the NZS1170.5 [4] site classes with more 
confidence than the previously assumed classifications. To 
compare to New Zealand practice, sites were also classified 
using the National Earthquake Hazards Reduction Program 
(NEHRP) [5] and Eurocode 8 (EC8) guidelines [6] following 
American and European practice, respectively. 
STRONG MOTION NETWORK OVERVIEW 
Prior to the 4 September 2010 Darfield earthquake, the city of 
Christchurch was instrumented with a large network of strong 
motion stations (SMSs), with four strong motion stations 
located in close proximity to the Christchurch Central 
Business District (CBD). These four stations listed below and 
shown in Figure 1 [7] are the focus of this paper: 
 Christchurch Botanical Gardens (CBGS) 
 Christchurch Cathedral College (CCCC) 
 Christchurch Hospital (CHHC) 
 Christchurch Resthaven (REHS) 
The CBGS SMS is located approximately 600 m west of the 
western edge of the Christchurch CBD, housed in a wooden 
building with a shallow concrete pad foundation (approx. 5 x 
10 m). The CCCC SMS is housed in a two storey concrete 
walled building with a shallow concrete pad foundation. The 
footprint of this section of the structure is approximately 10 x 
25 m. Additional sections of the structure are connected to 
this, resulting in a complex structural arrangement. The CHHC 
SMS was housed in the ground level of a large 2-storey 
reinforced concrete building with a shallow concrete pad 
foundation (approx. 25 x 55 m). The REHS SMS is housed in 
a single-storey timber frame shed with a shallow concrete pad 
foundation (approx. 2 x 4 m). Summaries of each SMS 
location and associated strong ground motion records are 
available from GeoNet [7]. At present, there are five SMSs 
(CBGS, CCCC, KILS, MORS & REHS) and a building array 
 
 
(CPIB) in the Christchurch CBD. The CHHC SMS was 
removed in 2013 because the building it was housed in was 
vacated. The KILS and MORS SMS, and the CPIB building 
array were installed in 2012. 
 
Figure 1: Overview of Christchurch CBD and locations of 
strong motion stations. 
GEOTECHNICAL SITE INVESTIGATION 
Geological Setting 
Away from the Port Hills, the Christchurch CBD is underlain 
by deep (i.e. many hundreds of metres) sedimentary deposits 
of interbedded gravels and fine to very fine grain sediments, 
resulting from episodic glacial and interglacial periods [8]. 
One of the deepest wells in the CBD reaches 150 m depth, 
passing through some of these interbedded layers but not 
encountering rock [9]. Above the Riccarton Gravels, the 
uppermost of these interbedded gravel layers, the surface 
sediments are comprised of fluvial gravels, sands and silts 
comprising the Springston Formation, or estuarine, lagoon, 
beach, dune, and coastal swamp deposits of sand, silt, clay and 
peat comprising the Christchurch Formation. There is 
significant variability in the Springston and Christchurch 
Formations, both horizontally and vertically, reaching depths 
of between 20-27 m in the CBD area. Given the variability in 
the subsurface conditions in Christchurch, detailed site 
classifications are needed to accurately characterise the profile 
at a given location. 
Investigation Methodology 
Prior to 2011, no knowledge of the detailed subsurface 
geotechnical characteristics existed at any of the SMS 
locations. The soil profiles and site classes were assumed from 
well logs and regional geology [10]. Therefore, as part of this 
study CPT, SPT and borehole data, Vs profiles, and horizontal 
to vertical spectral ratio measurements (H/V spectral ratio) 
performed/obtained in close vicinity to the SMSs were used to 
develop detailed profiles of the surficial soil layers (to 
approximately 30 m depth) at each SMS. Initially, the authors 
collected existing CPT, borehole and SPT data in the vicinity 
of each SMS from available sources [11]. At locations with a 
paucity of data, an additional program of subsurface site 
investigations was carried out using CPT and borehole 
methods where appropriate.  
Shear wave velocity profiles presented herein were developed 
using dispersion data from the study summarised in Wood et 
al. [12] and additional surface wave testing. A combination of 
active-source and passive-source surface wave techniques 
were used to resolve the shear stiffness and layering beneath 
each SMS. Active-source methods included a combination of 
the Spectral Analysis of Surface Waves (SASW) [13-14] and 
the Multi-channel Analysis of Surface Waves (MASW) [15], 
with passive-source testing using 2D microtremor array 
methods (MAM) [16-17]. The Vs profiles for each SMS site 
were then determined by fitting 3D superposed mode 
theoretical solutions to the mean experimental dispersion 
curves using the software WinSASW [18]. The Vs profiles 
presented in this paper are updated versions of the Wood et al. 
profiles, with layering characteristics from subsurface 
investigations used to help constrain the layering of the 
updated shear wave velocity profiles during the inversions. 
This provides more confidence in the profiles compared to 
those that were originally developed without any a priori 
knowledge of the subsurface stratigraphy. Even with these 
additional depth constraints there will still be some uncertainty 
in the Vs profiles, especially at sites with velocity reversals at 
depth. Here lower bound estimates have been used in the 
development of the Vs profiles, with subsurface investigation 
data used to help define the Vs of deeper layers. 
To determine the site periods, the ratios of the horizontal-to-
vertical Fourier amplitude spectra (FAS) were computed from 
ambient noise recordings (i.e., H/V spectral ratios [19]) made 
at each SMS location using a Nanometrics Trillium Compact 
120 second broadband seismometer. At least one hour of 
ambient noise was recorded at each site and processed using 
the software Geopsy (www.geopsy.org). The geometric mean 
of the horizontal components was used to develop the H/V 
spectral ratios, and a Konno & Ohmachi [20] smoothing 
function was applied to the data with a smoothing constant of 
40. The H/V spectral ratios from a range of time window 
lengths were compared during processing to determine the 
influence of window lengths on the estimated spectral peak(s) 
and to estimate the uncertainty associated with the spectral 
peak(s). Additional methods used to estimate the site period 
are summarised in the Site Period section. 
SITE CLASSIFICATION METHODOLOGIES 
Three approaches for the definition of site class are presented 
here: (1) the current New Zealand seismic design standard 
NZS1170.5 [4]; (2) the National Earthquake Hazards 
Reduction Program (NEHRP) classifications used in the USA 
[5]; and (3) Eurocode 8 (EC8) used in Europe [6]. Site classes 
in these documents are based on undrained shear strength (su), 
SPT N60 and/or Vs, with other additional key factors that are 
detailed in following sections. Regional geotechnical 
investigations in Christchurch have shown little change in 
CPT sounding characteristics before and after major shaking 
events in the earthquake sequence [21]. Therefore, these site 
investigations carried out during and following the earthquake 
sequence can be reasonably assumed to provide a good 
representation of the pre-sequence soil profile characteristics. 
Because the energy efficiency of the SPT hammers used in site 
investigations were variable (60-99% based on calibration 
testing for each drill rig), and in some cases significantly 
higher than the typical 60% benchmark, SPT N60 values have 
been used for the NZS1170.5 site classifications in this paper, 
rather than uncorrected SPT N values. 
At each site, CPT data was used to calculate the soil behaviour 
type index (Ic) as a function of depth, to enable qualitative 
comparisons with the borehole log data [22]. Because the 
interpretation of sites classes is based on SPT data for 
cohesionless soils, CPT data was converted to an equivalent 
























where qt is the corrected cone resistance, and pa is atmospheric 
pressure. Wotherspoon et al. [24] investigated the correlation 
between the estimated and measured N60 values using 
Equation 1 for a database of co-located boreholes and CPT 
soundings in Christchurch. Figure 2 provides a summary of 
this comparison, clearly indicating the significant scatter in the 
data. However, in order to provide some representation of the 
CPT equivalent SPT blow counts, this correlation has been 
used herein. When classifying a site according to SPT N60 this 
scatter has been taken into account in order to provide a 
conservative estimate of the site class. 
 
Figure 2: Comparison of estimated and measured SPT N60 
for Christchurch soils using Equation 1 from Wotherspoon 
et al. [24]. 
NZS1170.5 Site Subsoil Classes 
NZ1170.5 uses a combination of su, SPT N60, Vs, and site 
period (T) to define site subsoil classes (referred to as site 
classes in the remainder of this paper). In the Christchurch 
CBD, all SMS sites have greater than 3 m of soil above 
bedrock, which is the cutoff between site class B – rock, and 
site class C – shallow soil. Therefore, the SMS locations are 
either site class C – shallow soil, site class D – deep or soft 
soil, or site class E – very soft soil.  
Profiles are site class E if they have greater than 10 m of low 
strength material with su ≤12.5 kPa, SPT N60 ≤ 6 blws/0.3 m, 
or Vs ≤ 150 m/s. Profiles outside these limits are either site 
class C or D, and can be differentiated using two approaches. 
Firstly, if the low amplitude natural period, T, (or site period) 
is less than or equal to 0.6 seconds, the site is classified as site 
class C. Otherwise, the site is site class D. The natural period 
of a site can be estimated from (a) a Vs profile that extends 
down to bedrock (or another significant impedance contrast) 
or (b) direct horizontal-to-vertical spectral ratio (H/V) 
measurements at the site. For method (a), the natural period of 
a site is approximated as four times the thickness of the soil 
deposit over bedrock divided by the average Vs of the soil 
deposit (equivalently stated as four times the shear wave travel 
time from bedrock to the surface). A comprehensive overview 
of approaches to define the site period is presented in Larkin 
& van Houtte [25]. Secondly, maximum depth limits are 
defined for site class C for a range of representative su and 
SPT N60 soil profiles, but are not summarised herein. 
Modified Classification Approach 
In the present study, the choice of the appropriate NZS1170.5 
site class at each SMS site has been made based on 
interpretation and engineering judgment, and not simply by 
the strict application of site class boundaries. In particular, 
judgement was used to designate the site class for profiles near 
the boundary between site classes D and E. Site class E is 
defined as a site with 10 m or more of soil with the following 
characteristics: su ≤ 12.5 kPa, SPT N60 ≤ 6 blws/0.3 m, or Vs ≤ 
150 m/s. Clearly there are profiles having combinations of 
depth and soil properties that result in similar site response 
characteristics, but do not all classify as site class E per 
NZS1170.5. Therefore, it is proposed that the site class E 
boundaries be treated as a sliding scale rather than a discrete 
boundary (e.g., a profile with 12 m of 180 m/s soil or a profile 
with 8 m of 120 m/s soil should be considered similar to a 
profile with 10 m of 150 m/s soil in terms of these simplified 
site classes). In cases where the soil layering does not strictly 
meet the site class E criteria, but possesses similar site 
response characteristics, a site classification E* is proposed for 
the site. These cases can be broadly defined as follows: 
 Profiles with strength/stiffness properties less than 
the site class E limiting criteria (i.e. Vs < 150 m/s, 
N60 < 6), but where the thickness of these strata are 
less than the site class E limit of 10 m. It is proposed 
that profiles be classified as site class E* if the 
combination of reduced strength/stiffness properties 
and reduced strata thickness would have similar site 
response characteristics as the site class E limiting 
criteria. For example, if a soft stratum in a soil 
profile is only 9 m thick (i.e., 90% of the thickness 
criterion) then the profile would classify as site class 
E* if the Vs of this stratum is less than or equal to 
135 m/s (i.e., 0.9 × 150 m/s = 135 m/s). The limiting 
case for these profiles would be an 8 m thick stratum 
with Vs ≤ 120 m/s. 
 Profiles with strength/stiffness properties slightly 
greater than the site class E limiting criteria (i.e. Vs > 
150 m/s, N60 > 6), and where the thickness of these 
strata are greater than the site class E limit of 10 m. 
It is proposed that profiles be classified as site class 
E* if the combination of increased strength/stiffness 
properties and increased strata thickness would have 
similar site response characteristics as the site class 
E limiting criteria. For example, if a soft stratum in a 
soil profile has Vs = 165 m/s (i.e., 110% of the 
stiffness criterion) then the profile would classify as 
site class E* if the thickness of the stratum is greater 
than or equal to 11 m (i.e., 1.10 × 10 m = 11 m). The 
limiting case for these profiles would be a 12 m 
thick stratum having 150 m/s < Vs ≤ 180 m/s. 
NEHRP Site Classes 
NEHRP uses either su, SPT N60 or VS to define site classes 
through the calculation of the average of these properties over 
the top 30 m of the soil profile. In this paper VS30 was used 
along with other site investigation data to define NEHRP site 
classes. The relevant NEHRP site classes for the Christchurch 
CBD are site class C – 360 m/s < VS30 ≤ 760 m/s, site class D – 
180 m/s ≤ VS30 ≤ 360 m/s, site class E – VS30 < 180m/s, and 
site class F, which are profiles containing soils requiring site-
specific evaluations, including soil profiles with liquefiable 
layers, or greater than 3 m of peat and/or highly organic clays. 
It should be noted that no site specific evaluations of 
problematic soil types are required by NZS1170.5, with the 
site class E property boundaries defined in order to classify 
sites and soils of this nature [26]. 
Eurocode 8 Ground Types 
Eurocode 8 uses either su, SPT N60 or VS to define ground 
types (referred to as site classes in the remainder of this 
paper), with VS30 the preferred method for classification. The 
































Gravelly to dense sand
clean to silty sand
silty sand to sandy silt
clayey silt to silty clay
silty clay to clay
 
 
relevant EC8 site classes for the Christchurch CBD are site 
class B – 360 m/s < VS30 ≤ 800 m/s, site class C – 180 m/s ≤ 
VS30 ≤ 360 m/s, and site class D – VS30 < 180m/s. A special 
ground type S2 is used to classify soil profiles with potentially 
liquefiable layers. 
SOIL PROFILE SUMMARIES AT CBD STRONG 
MOTION STATIONS 
A summary of the soil profile characteristics at each SMS is 
provided in the following sections and in Figures 5-8 in 
Appendix A. At sites with CPT soundings, Ic and CPT 
equivalent SPT N60 values in blow counts per 300 mm are 
presented. The Ic ranges are defined as follows: Ic ≤1.31: 
Gravelly sand to sand; 1.31< Ic ≤2.05: Clean sand to silty 
sand; 2.05 < Ic ≤2.6: Silty sand to sandy silt; 2.6< Ic ≤2.95: 
Clayey silt to silty clay; 2.95< Ic ≤3.6: Silty clay to clay; Ic 
>3.6: Organic material). At sites with boreholes, a summary of 
the borehole log and SPT N60 values are presented. Although 
not directly used in site classification, the CPT tip resistance 
(qc) is also summarised in each figure. The SPT N60 and VS 
based boundary between site class D and E is indicated by a 
dashed vertical line in each figure, with the grey area 
surrounding this line representing ±20% of this boundary 
value. A complete overview of the site investigation data at 
each SMS is presented in Wotherspoon et al. [3]. 
Christchurch Botanical Gardens - CBGS 
Borehole, SPT and CPT data, and the VS profile for the CBGS 
SMS are summarised in Figure 5. The borehole and CPT were 
a few metres from the SMS, and the VS profile was 20 m from 
the SMS. Borehole logs indicate approximately 9 m of gravels 
at the surface overlying interbedded layers of sand, sandy silt 
and silt down to 21 m. Ic values also indicate the variability of 
deposits within the 9-21 m depth range, with the lowest SPT 
N60 values measured in the silt layers. The Riccarton Gravels 
were encountered at a depth of 21 m, coinciding with a sharp 
increase in SPT N60 values. The CPT sounding also met 
refusal at this depth. The shear wave velocity profile indicates 
some soft surface deposits approximately 1 m thick, underlain 
by 8 m of deposits with a VS increasing from 160 to 185 m/s. 
Below this the VS reduces from 175 m/s to 160 m/s in the 
softer interbedded sands, sandy silts and silts. At a depth of 
21 m, there is an increase in the VS to 400 m/s, correlating with 
the depth of the Riccarton Gravels at this site. Of note is the 
significant difference between the VS of the surface gravel and 
the Riccarton Gravel deposits, clearly indicating the reduced 
stiffness of the shallow gravel deposits. This marked 
difference in gravel stiffness is not easily identified through 
inspection of the SPT data at this location.  
Christchurch Cathedral College - CCCC 
CPT data and the VS profile for the CCCC SMS are 
summarised in Figure 6, with all investigation data less than 
50 m from the SMS. The CPT met refusal at a depth of 25 m, 
likely coinciding with the depth of the Riccarton Gravels at 
this site. Ic values indicate sands and silty sands between 5 and 
15 m, and interbedded layers of sands and silts between 15 and 
20 m. From 20 to 25 m, the Ic values suggest there is clayey 
silts and organic materials. Equivalent SPT N60 values from 
the CPT sounding increased from 6 to 50 between 5 and 15 m, 
and then vary between 6 and 40 through the interbedded sands 
and silts from 15 to 20 m, with lower values in the silt layers. 
The 20 to 25 m layer is much softer, with SPT N60 values 
between 4 and 7. The geotechnical variability of the wider 
area surrounding the SMS was also investigated based on 
three CPT soundings between 160 and 320 m away from the 
SMS, and two boreholes/SPT logs that were 240 and 320 m 
away from the SMS. All investigations indicate a similar soil 
profiles and SPT N60 values in this area. Based on borehole 
data from this wider area, the material in the 20 – 25 m range 
is likely sandy silts and organics silts. The Riccarton Gravels 
were encountered at depths of between 23 and 27 m at all 
these locations. The shear wave velocity profile indicates soft 
surface deposits with a VS less than 130 m/s down to a depth 
of 10.5 m, which is underlain by 9 m of soil with VS of 220 
m/s. There is a reduction in the VS to 150 m/s in the sandy 
silts/organic silts between 20 and 25 m. Below 25 m the VS 
increases to 400 m/s in the Riccarton Gravels. 
Christchurch Hospital - CHHC 
CPT data, and the VS profile for the CHHC SMS are 
summarised in Figure 7, with all investigation data less than 
30 m from the SMS. Ic values indicate interbedded sands and 
silty sands to a depth of approximately 8 m, before 
transitioning into a more clean sand deposit that extends down 
to a depth of 18 m. From 18 to 22 m, Ic suggests clayey silts 
and organic materials. These layering and soil characteristics 
agree well with a borehole log approximately 60 m from the 
SMS, with the 18-22 m layer likely low plasticity silts with 
some organics. The CPT met refusal at a depth of 22.5 m, 
which was the approximate depth that Riccarton Gravels were 
encountered in the borehole log. Equivalent SPT N60 values 
from the CPT sounding steadily show a steady increase 
between 7 and 17.5 m depth, before dropping sharply in the 
soft layer above the Riccarton Gravels. The shear wave 
velocity profile indicates that the VS is 160 m/s or less to a 
depth of 7 m through the interbedded sands and silts. In the 
clean sand deposit, the VS increases from 200 to 230 m/s to a 
depth of 17.5 m. The VS then reduces to 150 m/s in the soft silt 
and organic layers, before increasing to 400 m/s in the stiff 
Riccarton Gravels. 
Approximately 100 m north of this location, surface wave 
testing was performed, which is summarised in Wood et al. 
[12]. This location was closer to the Avon River, with nearby 
borehole logs indicating layered deposits of sands and gravels 
to a depth of between 10 and 15 m. At this location the soil 
profile was stiffer near the ground surface, with VS in these 
interbedded layers equal to 185 m/s. The soft silt and organic 
layers were then again encountered above the stiff Riccarton 
Gravel deposits. 
Resthaven - REHS 
CPT data and the VS profile for the REHS SMS are 
summarised in Figure 8, with all investigation data less than 
10 m from the SMS location. One CPT sounding met refusal 
at a depth of 20 m, likely coinciding with the depth of the 
Riccarton Gravels at this site. Ic values suggest the upper 10 m 
consists of a mix of sands, silts, clayey silts and organic 
material. Equivalent SPT N60 values from the CPT soundings 
throughout the majority of these surface layers are at or below 
6. A gravel layer was encountered at approximately 10 m-
depth, hence the gap in the CPT record from this depth down 
to 14 m. Between 14 and 20 m, Ic values suggest sands and 
silty sands, with equivalent SPT N60 values of 40 and above. 
The geotechnical variability of the wider area surrounding the 
SMS was also investigated based on five CPT soundings, 
located between 65 and 150 m from the SMS, and two 
boreholes/SPT data, located between 110 and 130 m from the 
SMS. All investigations indicate similar soil profiles and SPT 
N60 values in this area. Based on borehole data, the soils down 
to a depth of 10 m are a mix of sands, silts and peats, 
correlating well with that suggested by the Ic values. The shear 
wave velocity profile indicates very soft surface deposits, with 
VS at or below 95 m/s from the surface down to 9 m depth. 
The VS increases from 160 m/s to 200 m/s in the underlying 
 
gravels and sands down to a depth of 20 m, increasing again to 
400 m/s below 20 m in the Riccarton Gravels. 
SITE PERIOD 
The site period (T) at each SMS location was estimated using 
three approaches in this paper. The first approach uses the H/V 
spectral ratios from ambient noise recordings, as detailed 
previously. The second approach uses the H/V spectral ratio 
measurements from strong motion records at each SMS from 
multiple earthquakes detailed in Wood et al. [12]. The third 
approach uses the VS profile at each SMS, but because bedrock 
was not encountered at any of the SMSs, the fundamental 
period of the material above the base of the VS profile at each 
location was calculated (equal to 30 m at each site). Because 
the Riccarton Gravels created a significant velocity contrast 
with the overlying looser sediments at each SMS 
(Christchurch and Springston Formation), the VS profiles were 
also used to estimate the fundamental period of the soil profile 
above this gravel layer.  














where hi is the thickness of layer i and VSi is the shear wave 
velocity of layer i. The fundamental period of this shallow 






  (3) 
where H is the overall thickness of the soil profile (either to 
the top of the Riccarton Gravels or to 30 m).  
Table 1 summarises the site period estimates using each of the 
approaches summarised above, and the H/V spectral ratios 
from ambient noise records at each SMS are summarised in 
Figure 3. At all sites, the response of the top 30 m are equal to 
or in excess of the T=0.6 second limit between site class C and 
D based on the VS profile approach. The dominant H/V 
spectral peaks from ambient noise recordings generally have a 
reasonable correlation with the estimated response of the 
shallow soils above the Riccarton Gravels and with the H/V 
spectral peaks from the recorded earthquake motions [12]. As 
mentioned previously, there are many hundreds of metres of 
soil/gravel overlying bedrock beneath the CBD; therefore this 
is likely to be a significantly higher mode of vibration that has 
a much shorter period than the period of the entire soil column 
down to bedrock. Previous studies have also identified this 
shallow site period using ambient noise recordings [27-28].  
A second, much longer period H/V spectral peak was 
measured from ambient noise at the CCCC and CHHC SMS at 
2.4 - 2.9 seconds, likely corresponding to the natural period of 
the deposits above bedrock. There were no clear peaks in this 
longer period range at any of the other SMS sites; however, 
there is some evidence of weaker/broader peaks. Christchurch-
wide studies have shown that it is reasonable to conclude that 
the site period of the CBD SMS sites (and the CBD as a 
whole), which are all at least 2.5 km from the base of the Port 
Hills, are well in excess of the T=0.6 second limit [29-30]. 
 
 
Figure 3: H/V spectral ratio from ambient noise recordings 
at each CBD SMS. Dashed lines indicate assumed 
fundamental period of soil deposits above the Riccarton 
Gravels, with the CCCC and CHHC SMS data showing a 
second longer period that is assumed to correspond to the 
































































































Table 1: Summary of site period estimates and fundamental periods of shallow soil profiles (seconds) at each SMS 
 











 CBGS 0.52 0.61 0.69 - 0.45 
CCCC 0.62 0.68 0.71 2.4 0.71 
CHHC 0.51 0.58 0.74 2.9 0.53 
REHS 0.68 0.78 0.57 - 0.65 
 
The broad short period peak from ambient noise recordings at 
REHS shown in Figure 3 may be due to the superposition of 
two peaks, with a small peak to the left of the main peak 
evident at a period of 0.42 seconds. Using the VS profile, the 
estimated fundamental period of the very soft surface layers 
above the shallow gravel at 11 m depth was equal to 0.42 
seconds, providing a good match to this smaller peak. It is also 
possible that because of this superposition, the main peak is 
better represented by a slightly longer period, which would 
provide a better match to the other period estimates at this site. 
LIQUEFACTION 
Each SMS site is underlain by at least one liquefiable stratum, 
as evidenced by the characteristics of the ground motions 
recorded during the Christchurch earthquake and by 
liquefaction evaluations performed using subsurface 
investigation data (Table 2). However, while characteristics of 
the ground motions at all the sites clearly indicate the 
occurrence of liquefaction during the Christchurch earthquake, 
only two sites had surficial liquefaction manifestations in the 
surrounding area, with the liquefaction features being more 
than 40 m away from the SMS at one of these sites. A more 
complete summary of the assessment of liquefaction at these 
sites is provided in Wotherspoon et al. [31-32], where the 
profiles were evaluated by commonly used CPT-based 
liquefaction assessment procedures (i.e., Robertson & Wride 
[22], Moss et al. [33], Idriss & Boulanger [34]). 
Following the 2010 Darfield earthquake, there was no clear 
surficial manifestation of liquefaction at the ground surface in 
the immediate area surrounding all CBD SMSs, and the 
accelerograms from the Darfield earthquake had no clear 
indication of the occurrence of liquefaction in the underlying 
soils. However, all liquefaction evaluation procedures were 
conservative in their assessment, with each predicting the 
triggering of liquefaction at all the sites [32]. 
During the 2011 Christchurch earthquake, the recorded 
motions showed a clear indication of liquefaction of the 
underlying soils at all CBD SMSs, with characteristic high 
frequency dilation spikes in the acceleration time histories and 
reduced high frequency content in the latter part of the records 
[2]. In these cases, all liquefaction evaluation procedures 
correctly predicted the triggering of liquefaction [32]. Yet, 
surficial liquefaction manifestations were not observed at all 
the SMS sites. First, there was no clear surficial manifestation 
of liquefaction in the immediate area surrounding the CBGS 
SMS (Figure 4a), although a few hundred metres to the north 
of the SMS, significant volumes of ejecta were evident at the 
ground surface in North Hagley Park. At CCCC, minor 
volumes of ejecta were evident in the area surrounding the 
SMS, with a few isolated sand boils approximately 50 m from 
the SMS site (Figure 4b). At CHHC, moderate volumes of 
ejecta in the area immediately adjacent and surrounding the 
SMS were observed following the Christchurch earthquake 
(Figure 4c). Lastly, there was no manifestation of liquefaction 
at the ground surface in the immediate area surrounding REHS 
(Figure 4d). A possible reason for the lack of observed 
surficial manifestations was the presence of competent crust 
layer that may have prevented the venting of ejecta to the 
ground surface. 
Table 2: Summary of physical indicators of liquefaction at 
each SMS for the Darfield and Christchurch earthquakes.  
SMS 
ID 















CBGS N N N Y 
CCCC N Minor N Y 
CHHC N Moderate N Y 
REHS N N N Y 
a 4 September 2010 Darfield earthquake 
b 22 February 2011 Christchurch earthquake 
SITE CLASSES 
A summary of the site classes determined using the VS profiles 
and subsoil geotechnical in-situ test data is presented in Table 
3. The site classes that were originally assumed from well logs 
and regional geology [10] are also summarised in this table. 
As detailed in the Site Period section, all SMS locations had a 
fundamental period to rock greater than 0.6 seconds, putting 
all locations outside the NZS1170.5 site class C limits. 
Additionally, the deepest wells in the city are in excess of the 
100 m limiting depth of gravels for site class C [9]. 
NZS1170.5 
At CBGS approximately 4 m of soils have SPT N60<6, much 
less than 10 m limiting thickness for site class E. The VS 
measurements indicate that there is 12 m of soil with a VS 
≤160 m/s, which is slightly above the site class E limit of 
150 m/s. This does not strictly meet the site class E criteria, 
but this increased thickness and a velocity within 20% of the 
150 m/s boundary suggests that a site class E* may be 
appropriate. Therefore, using the NZS1170.5 site class 
definitions, the CBGS SMS site is categorized as site class D 
based on SPT N60 and site class E* based on VS.  
At CCCC approximately 6.5 m of soil have SPT N60<6, less 
than the 10 m limiting thickness for site class E. The VS 
measurements indicate that there is just over 10 m of the soil 
profile with VS <150 m/s, less than the site class E cutoff. 
Therefore, using the NZS1170.5 site class definitions, the 
CCCC SMS is categorized as site class D based on SPT N60 
and site class E based on VS.
 
 
Figure 4: Liquefaction surface manifestation severity following the Christchurch earthquake: a) none – CBGS, b) Minor – 
CCCC, c) Moderate – CHHC, d) none – REHS. 
At CHHC approximately 6 m of soil have SPT N60<6, much 
less than 10 m limiting thickness for site class E. The VS 
measurements indicate that there is 6 m of the soil profile with 
a VS ≤150 m/s, less than the site class E thickness cutoff of 
10 m. However, there is 11.5 m of soil with VS ≤ 160 m/s, 
suggesting that site class E* may be appropriate. Therefore, 
using the NZS1170.5 site class definitions, the CHHC SMS is 
categorized as site class D based on SPT N60 and site class E* 
based on VS. 
At REHS approximately 8 m of soils had SPT N60<6, which is 
less than the 10 m limiting thickness for site class E. This does 
not strictly meet the site class E criteria, however of this 8 m, 
5 m have N60<3. This is well below the limit for site class E, 
suggesting that a classification of site class E* is appropriate. 
The VS measurements indicate that there is 9 m of soil with a 
VS at or below 95 m/s, well below the 150 m/s limit and just 
less than the site class E thickness limit of 10 m. This does not 
strictly meet the site class E criteria, but suggests that a site 
class E* may be appropriate. Therefore, using the NZS1170.5 
site class definitions, the REHS SMS has been categorized as 
site class E* based on both SPT N60 and VS. 
If the strict definition of site classes were used for both SPT 
N60 and VS, CBGS, CHHC, and REHS would all be classified 
as site class D. However, the site class E* sliding scale has 
been deemed a more appropriate categorization because it 
better groups sites having similar site response characteristics. 
Both SPT and VS based approaches give the same site 
classification of E* for the very soft soils at REHS; however, 
at CBGS, CCCC and CHHC the SPT and VS based approaches 
give different classifications, with the VS approach indicating a 
lower site class (site class E* and E). At these locations the 
SPT N60 based classifications were very clearly site class D, 
with less than 6.5 m of soil having SPT N60<6. The disparity 
between VS and SPT N60 site classifications shown here has 
also been identified in other studies [35]. Apart from the fact 
that VS is a small strain property and SPT N60 is a strength 
(large strain) property, another potential issue may arise from 
correlating SPT N60 values from a generic (i.e., non-region 
specific) CPT relationships, a factor mentioned previously and 
summarised in Wotherspoon et al [24]. The American 
Association of State Highway and Transportation Officials 
(AASHTO) recommend “in all evaluations of site 
classification, the shear wave velocity should be viewed as the 
fundamental soil property, as this was used when conducting 
the original studies defining the site categories” [36]. Clearly 
the decision to classify a site based on SPT N60 versus VS 
requires further study. But since the response of a site to 
seismic loading is governed by its shear stiffness, the authors 
of this paper strongly favour VS classification over SPT N60.  
CBGS, CCCC and CHHC were all clearly site class D using 
the SPT N60 guidelines, and only CCCC was site class E in 
strict accord with the VS guidelines in NZS1170.5. CCCC and 
CHHC had surficial liquefaction manifestations following the 
Christchurch earthquake, with CHHC the most severe, and all 
CBD SMS accelerograms showed characteristics of 
liquefaction during the Christchurch earthquake. This 
indicates that the current NZS1170.5 site classification 
approach may not be able to clearly identify sites that are 
liquefiable, given that the site class E property boundaries 
were defined in order to classify sites and soils of this nature 
[24]. Additionally, all the sites were predicted to liquefy in 
both events using currently accepted liquefaction evaluation 
procedures. A different approach may be necessary to 
categorize these sites with problematic soils (the same holds 




Table 3: Summary of NZS1170.5 site classes, VS30 and NEHRP and EC8 site classes. In cases where the soil layering does not 
strictly meet the site class E criteria, but possesses similar site effects potential, a site classification E* has been applied to the site. 
Letters in brackets indicate the appropriate site class if no liquefiable material was present at these locations. 









(m/s)   
CBGS D D E* 197 F (D) S2 (C) 
CCCC D D E 177 F (E) S2 (D) 
CHHC D D E* 206 F (D) S2 (C) 
REHS D E* E* 154 F (E) S2 (D) 
 
NEHRP and EC8 
For the NEHRP and EC8 site classes, the letters in parentheses 
in Table 3 indicate the site class for each profile if no 
liquefiable material were present. However, because 
potentially liquefiable layers are present at all the CBD SMS 
sites, the actual classifications are NEHRP site class F and 
EC8 site class S2. Based solely on VS30, CBGS and CHHC 
classify as NEHRP site class D and EC8 site class C because 
the VS30 values are within the 180-360 m/s range. At CCCC 
and REHS VS30 is less than 180 m/s, and therefore they 
classify as EC8 site class D and NEHRP site class E, based 
solely on VS30.  
CONCLUSIONS 
This paper provides a detailed update of the soil profile 
characteristics at strong motion stations in the Christchurch 
CBD based on recently completed geotechnical site 
investigations. These characterization efforts provide a basis 
for the development of site response analysis models to better 
understand the observed ground motions in the 2010-2011 
Canterbury Earthquake Sequence. At each SMS, NZS1170.5 
site classes based on SPT N60 and VS did not always agree with 
the original assumed site classifications, emphasising the 
importance of having detailed site-specific information at 
SMS sites in order to properly classify them. To achieve a 
better delineation between the site classes, the site class E 
boundaries were treated as a sliding scale, rather than as a 
discrete boundary, to account for locations with similar site 
response characteristics. There was a clear disparity between 
SPT N60 and VS based site classifications at some SMS sites, 
which is an issue that requires further study, as there is no 
doubt that VS is a key parameter that directly influences 
seismic site response.  
Because the Riccarton Gravels create a significant velocity 
contrast with the overlying looser sediments at each SMS, a 
higher mode of vibration is apparent that has a much shorter 
period than the period of the entire soil column down to 
bedrock. Further study is required to determine the impact of 
the short period mode of vibration of the soft deposits above 
the Riccarton Gravels, and how to best account for this within 
the NZ1170.5 site classification framework. Based on the 
current NZS1170.5 framework all locations in the 
Christchurch CBD will be either site class D or E. 
Using current American and European approaches to 
geotechnical site classification, all SMSs were classified as 
problematic soil sites due to the presence of liquefiable strata. 
Because no site specific evaluations of problematic soil types 
are required by NZS1170.5, the effect of these soils does not 
seem to be accounted for by the New Zealand site 
classification system, with liquefaction occurring in both site 
class D and E sites. 
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APPENDIX A: CHRISTCHURCH CENTRAL BUSINESS DISTRICT SOIL PROFILE CHARACTERISTICS   
The SPT N60 and VS based boundary between site class D and E is indicated by a dashed vertical line in each figure, with the grey 
area surrounding this line representing ±20% of this boundary value. 
 
Figure 5: CBGS geotechnical site investigation summary. a) Soil behaviour type index, b) borehole BH1 log, c) SPT and CPT 
equivalent blow counts, d) Shear wave velocity, e) CPT tip resistance. 
 
Figure 6: CCCC geotechnical site investigation summary. a) Soil behaviour type index, b) CPT equivalent blow counts, c) Shear 







































































































Figure 7: CHHC geotechnical site investigation summary. a) Soil behaviour type index, b) CPT equivalent blow counts, c) Shear 
wave velocity, d) CPT tip resistance. 
 
Figure 8: REHS geotechnical site investigation summary. a) Soil behaviour type index, b) CPT equivalent blow counts, c) Shear 
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